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16. Abstract
Experimental investigations are described, the purpose of
which is to determine whether local blowing on the profile
suction side of the turbine guide wheel blades can be ef-
fective in preventing; the propagation of secondary flows,
that is, ca g ing and hub boundary layers being transported
by pressure gradients. Some preliminary results on how the
blowing should be accomplished in order to influence the
secondary flows in the desired manner are given. The ef-
fectiveness of blowing is demonstrated by comparing to per-
formance without blowing. Blowing is also seen to be more
effective than using boundary layer slots as far as dimin-
ishing losses in the rim zones is concerned.
17 Key Words (Selected by AuThor(s)) 	 18.vDistribut:on Statement
Unclassified-Unlimited
10, Security Classif. (of this rsperO	 20. Security Clauil. (of th.s pa;e)	 21• No. of Pages
	 1 22. Pr.ce
Unclassified
	
Unclassified
I	 ^
	
1	 1
i	 I
I	 !	 I	 ^	 ^	 r	 f	 t
REDUCI14G SECONDARY LOSSES BY BLOWING COLD AIR IN A TURBINE
W. Koschel
Institute for Jet Propulsion and Turbomachines, Pheinisch -West-
falische Technische hdchschule, Aachen
Introduction
In the case of axial turbine stages with small blades the de- /164-1y
gree of efficiency is considerably affected by the amount of the 	
...• I
losses which can be caused by secondary flows. The creation of
secondary flows is to be attributed to the fact that the casing
wall and hub wall boundary layers coming into the incoming flow of
the turbine are transported by the pressure gradient in the blade
channel to the profile suction side. If the dimensions of the
blades are unfavorable -- small height in relation to the chord
length -- the secondary flow: can involve the entire height of the
blade and lead to flow separations on the profile suction sides.
The studies done so far on reducing secondary flows and
losses associated with these in axial turbine nozzles can in
principle be broken down into the following methods:
-- elimination of incoming boundary layers by sucking them
away at the turbine input;
-- affecting the shape of the secondary flows by giving the
blade channel a meridianal cross-section;
-- preventing the casing and hub boundary layers from ex-
tending to the profile suction sides of the turbine blades by
setting up overflow slits, boundary layer fences and grooves.
The sucking away of oncoming casing boundary layers has no
practical importance because of the high expenditure of energy
required for the suction devica, which has also been confirmed 	 /164-2
in experimental studies by PrUmper [1]. By contrast, the second
method listed above has found industrial application. Measure-
* Numbers in the margin indicate pagination in the foreign test.
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ments on smooth turbine nozzles with a small blade height, in
which the exterior casing wall in the rear region of the blade
channel is tapered asymmetrically, show that in this way the second-
ary flow losses; can effectively reduced [2]. Overflow slits, i.e.,
connections from the profile pressure side to the profile suction
t ^
	
side in the region of the casing wall or hub wall have proved to
increase the amount of less when used in turbine guide vanes [3].
Extensive experimental studes which were carried out by PrUmper
[3 and 41 at the Institute for Jet Propulsion and Turbomachines, 	
ON.-I
RWTH [Rheinisch-Westfalische Technisehe Hochschule], Aachen, has
shown that with the arr g ngemert, of boundary layer fences and
boundary layer grooves on the profile suction sides in a region
of the casing wall and hub wall a considerable reduction in
secondary flow losses can be achieved, whereby the best results
are obtained with the use of grooves. Similar investigations by
Sieverding C51 on turbine guide vanes with boundary layer fences
and grooves ar? well known.
The design of hot gas turbine blades with sharp-edged boundary
layer fences or with grooves in the form of sharp-edged milled
slots can cause operational problems because of possible over-
heating of edges. Therefore is 1975, with the support of the spe-
cial research branch, 83 experimental studies on an axial turbine
stage were began Khose purpose is, by means of locally blovf ing air
onto the profile suction sides of the turbine guide vanes to pre-
vent secondary flows from spreading out, as in the case of grooved
blades, and thus reduce the secondary flow losses. The basic idea
here is that in the practical application of this method for in-
'	 ternally cooled hot gas turbine blades a portion of the cc)l air
can be used to blow on the profile suction side. In the following
discussion are presented results .f the ongoing studies which should
show how the blowing an be accomplished to affect the secondary
flow and which limiting quantities are to be borne in mind.
2
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2. Experimental setup
The experimental studies are carried out on a one-stage axial /164
cold air turbine which is acted upon by compressed air. This is a
stage with a low degrie of reaction. A sectional view of the con-
struction of the turbine stage ^:iown in figure 1. The turbine can
be fitted with blades with a variable hub ratio. For the present
studie • a hub ratio v = 0.9 was chosen with a ratio of blade height
to the chord length of the turbine guide wheel h/1 - 0.239. This
presents an extreme case with respect to the formation of secondary
flows in the turbine.
Additional dimensions of the t
geometrical layout of the blade are
from this figure one can obtain the
in the oncoming flow of the turbine
blade and the rotor blade (plane 1)
the turbine (plane 2). This figur^
corresponding flow dimension data.
urbine stage and data on the
listed in figure 2. In addition,
location of the measuring planes
(plane 0), between the stator
and in the outcoming flow of
also shows the terms for the
The compressed air for lowing out the turbine g,iide vanes is
blown into a separate measuring section provided with a flow meter
for measuring the amount of blown air.
3. Secondary flow in an unmodified turbine guide wheel
The formation of secondary flows in a turbine nozzle depende
basically on the velocity distribution or boundary layer thick-
nesses in the oncoming flow and on the pressure gradient in the
•	 blade chanri c-1. The size of the latter is in turn determined by
the shape of the profile, the deflection of the main flow in the
cascades, the relative cascade spacing t/1 and the Mach Number of
the Primary Flow. In the present experiments the geometry of the
turbine blades was not changed, while the outflow Mach number of
3
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turbine cascades
C.
Mci	
k —11 1
was varied as the main parameter in the range of 
MC1 
0 0.3 + 0.9. /164-^
The velocity distribution in the incoming flow was determined
by means of hot-wire anemometer measurements.
The velocity distribution in the incoming flow (measuring
Plane 0) is shown in figure 3 for the case of an average outflow
Mach number 4C1 ° 0.49. For the Reynolds number in the oncoming
flow one obtains a value Re0 a 1.8 x 10 5 , whereby 2h (with h =
the height of the channel or blade height) is used as the charac-
teristic length. The degree of turbulence Tu is 0.91% according
to the following definition:
T u	
C -
1 C r
with c a fluctuation velocity with isotropic turbulence
and c	 main velocity of the stationary flow.
The relative thickness of the boundary layer 6/h and the
relative displacement thickness 6'1h are determined fror the
measured velocity distributions as the characteristic ^,,,.,,tities
of the boundary layers on the casing wall and respective hub. The
boundary layer thickness 6 was evaluated according to the usual
definition of the distance from the wall in which the local velo-
city assumes the value c = 0.99 c W . The displacement thickness
6' is determined according; to the following definition:
^-j(1-c) dh
0
From the values given in figure 3 for the boundary layer thick-
nesses and the displacement thicknesses we see that the boundary
layer on the hub is considerably thinner than that on the casing
wall. This difference in boundary layer formation is related to
4
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the heterogeneity of t;ie oncoming flows on the hub and on the
casinE wall.
Figure 4 shows the averrge outflow Mach number 7cl • 0.487
for the curve of measured wall pressure distributions in the cen-
tral section for the pressure side and suction side of the tur- /1.64-5
Nine guide wheel profile. The local wall pressure p was here
related to the total pressure p t0 of the oncoming flow. To dis-
tinguish the cascade flow the accompanying Reynolds number Ref
is given for all measurements. The Reynolds number Re f is formed
by the variables of state or flow in plane 1 and by chord length 1.
The losses in the case of various shapes of secondary flows
in the turbine guide wheel are determined by means of total
pressure measurements in plane 0 and in the plane between the
guide wheel and the rotor (plane 1). On the basis of these
measurements and with the hel p of a so-called contour line pro-
gram the lines of an equal pressure ratio in the form of ptl
Pa / pt0 - °a (with p a the reference pressure) were calculated
and plotted over a scale. Figure 5 shows such a representation
of the total pressure distribution in the outflow plane of the
i	 turbine guide wheel.
The areas of increased loss in the outflow on the suction
side due to secondary flows can easily be seen. It is found
that nearly the entire height of the blade is affected by the
casing boundary layers and hub boundary layers flowing over the
suction side.
4. Design of guide vanes with blown air
The basic idea in the design of turbine guide blades in con-
'unction with blown air is to achieve a blocking effect, as in
the case of blades with boundary layer fences or grooves, with
5
respect to the spreading out Q.' secondary flows on the profile
suction side by correct positioning of the blow holes. Therefore
the blow holes were located in the region near the wall based on
the cptimal dimensions for boundary layer grooves specified in [4],
since the same blade profile was also used. Figure f, shows a
comparison of turbine guide blades with blow holes and with bound-
ary layer grooves. The blow holes were arranged at three different
distances from the rear edge and at various distances from the 	 /164-6
casing wall and hub wall (a o and a u respectively). Of the many
possible blade configurations with blow holes e'--. blade configu-
rations (A to if) were selected to represent tendencies with res-
pect to the effect of secondary flows as a function of the design
parameter oi' the blow holes. Table 1 shows the respective arrange-
ment of the blow holes in the guide blade configurations discussed
below.
Table 1
Schaufelkonfiguration F	 I.age der hohrungen
	 (0	 =	 1.1)
A 11	 =	 70	 12	 =	 50	 13	 =	 30
a o	 `;u	 aa	 au	 ao	 au
A -
B 2.0 21,0 _ _
C - - 2.0 2.0 - -
D - - - - 2.0 2,0
F. - - b.o 3.0 - -
F - - 3.0 2.0 - -
G - - 1.8 l.. - -
Fi 1.8 1.5 1.H - - -
Mage in mm CKey:
A. Blade configuration
B. Location of holes
C. Measurement in mm
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Figure shows a turbine guide blade with six blow holes on
the profile suction side. The blow hoes are placed in such a
way with respect to the direction of the outcoming flow that as
gentle a flow as possible along the profile surface was achieved
-- insofar as possible with a given construction and strengthen-
ing conditions.
The total amount of air blown out of a turbine guide blade m 
is related to the primary mass flow ffi G passing through the cor-
responding blade channel and is represented as a percentage:
P =	 I=	 QUO [%1
C
However, it iz to be noted here that the parameter p is cnly/164-•7
conditionally transferable, si , ice with an Equal absolute amount
of blown air nearly the same blockage effect with respect to
secondary flows can be achieved with larger blade heights.
5. Results of the studies with blown air
Figure 8 shows the effect of p lowing air on the total pressure
distributions in the outcoming flow of the turbine guide wheel.
This corr n res the corresponding total pressure distributions for
the guide vane without air blown on it and for a guide vane with
air blown on it according to configuration A for various blade
heights expressed In percentages. Whereas by blowing an amount
of air of p = 1.9% a good blockage effect could be achieved to-
gether with a loss reduction in the range of r, = 4 0% and 25%, only
I	 a small improvement between h = 50% and 70% can be found in the
upper blade range. From the comparison of boundary layer thick-
nesses on the hub and on the casing wall based on figure 3 it
follows that in the upper blade range the amount of air blown
out is too small to achieve a similar blockage effect as on the
hub.
7
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Typical for all measure to reduce secondary flown by mearis
s of boundary fences, grooves, or, in this case, blowing air is the
increase in loss in the marginal zr	 es.	 This phenomenon can also
Y
be seen from the distributions shown in figure 8.
r
The effect of blowing air can be illustrated by a visua. l.iza-
tion of the wall flow lines on the profile suction sides of the
turbine blades. Figure q shows photographs of the rear portion
of the profile suction side of turbine guide blades with and with-
out the blowing of air, seen from the down stream side. 	 The
visualization is accomplished by means of a white film of oil which
wa6 sprayed onto the blades.	 In the case in which air is blown
onto the blades a displacement of flow lines towards the wall is
r
_ clearly recognizable.
a•
Figure 10 shows the distribution of the exit angle of the al
of the turbine guide field over the periphery of blades of various
heights expressed in percent for the turbine guide blades with 	 /164-8
and with)ut air blown on them and with the same outflow Mach num-
ber Mcl . A small change in angle due to the blown air was de-
tected only in the regions close to the wall.
For the effect of blowing air with respect to reducing; second-
ary flow losses the selection of the location of the blow holes
on the profile pressure side is of critical importance. In order
to better evaluate the blade configurations under consideration
the cascade loss coefficient rT was determined from the measured
r
	
	
total pressure distributions and plotted over the blade heights
expressed in percent. In determining the cascade loss coefficient
^T the following definitions or equations were used:
T	 2
mq	
c19. 0
8
c	 ^^
r	 ^	 i
{ T 	 1	 k-1	 1k-1
	 *
cr	
I I	 ^
M	
1	 lk:^	 i s	
nG
ptl
with 1I =	 as the average total pressure loss
G	 Pt2
and MI 1N = isentropic critical Mach number in plane 1.
With larger percentage amounts of blown air the added kinetic
energy of the blown air it L . cL2 is also to be taken into consider-
ation in the equation for determinS.ng the cascade loss coefficient
[61:
mG c I sa ;
 `m! . `, L7
Figure 11 shows the cascade loss coefficient curve plotted
R
over the percentage blade height for three blade configurations
with various blow hole locations on the profile periphery, the
distances from the casing or hub being equal. From the corre- /164-9
sponding curves it can be seen that an arrangement of the blow
boles as much as possible in the region of the strongest accelera-
tion on the profile suction side (also see figure 4) is to be
selected for a favorable effect on secondary flows. If the blow
boles are shifted too far back towards the rear edge, i.e., into
an area on the profile suction side which is already completely
ccvered by t:ze secondary flows, there occurs an increase in loss
due to the blown air in comparison to the case in which the
guide veins are not changed. Such an increase in loss was found
for the curve shown for configuration D in the regions at h 	 61%,
h = ?Oa and in the 3icinity of the hub wall.
9
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Another important parameter for determining the position of
the bore holes is the distance from the casing; wall a
0 and from
the hub wall a u . Figure 12 shows the effect of various distances
from the wall on the curve for cascade loss coefficient plotted
with respect to the blade hell"tit. In accordance with the variable
boundary layer thickness the distance of the blow hole from the
casint, wall with these configurations was chosen greater in each 	 ^{
case than the distance from the hub wall. From this graph can
clearly be seen that in order to achieve a reduction in loss the
bore holes must be located at small distances from the wall. If
the distances from the wall are too great blowing air onto the
blades can cause an increase in loss, as is shown by the curve
for blade configuration E.
To interpret the cascade loss distri.bution as a function of
the exit Mach number of the turbine guide wheel the boundary layer
development in the oncoming flow for different oncoming flow
velocities is referred to. Figure 13 shows -she change in boundary
thicknesses and in displacement thicknesses on the hub and on the
casing wall with a Reynolds number Be  for the oncoming flow.
In addition, this graph also shows the relationship of the Reynolds
number Re  and the exit Mach number M cl of the turbine guide
wheel. The curves for the boundary layer or displacement thick-
nesses show a similar tendency, whereby the values for the casing
wall boundary layer are considerably greater. The boundary layer
thicknesses at first become smaller with increasing Reynolds num-
bers and then pick up again starting at Re  = 1.1 x 10 5 or	 /164 -10
Re  = 1.5 x 10 5 . The shape of this curve is explained by the
fact that no completely developed turbulent flow ha,, yet formed to
front of the turbin., rather what is involved here are starting
flows with variable conditions on the casing wall and on the hub.
In figure 14 the cascade loss distributions with respect to
blade heights expressed in percent for four difference Mach num-
10
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hers are comparel for the case of the unmodified turbine blade
and for one case with aiz, blown onto the turbine blade. For the
guide blade with air blown onto it a configuration with two blow
holes in the vicinity of the casing wall and one blow hole next
to the hub wall so that, takinir into consideration the larger
boundary layer thickness on the hub wall, more air wo'.ild be blown
Into this area thus achieving a blocking effect or loss reduction
equal to that in the vicinity of the hub. The percentage amount
of air blown onto the blade was p = 3% for all Mach numbers.
The connection between loss distribution and boundary layer
formation shown in figure 13 as a function of the Mach number can
be seen from the shift in the relative loss maximum in the blade
range h = 20 - 30% with the Mach numbers 9
cl for the unmodified
blade. Wit ' ­rer boundary layer thicknesses in the oncoming
flow, as Ii ,e present in the cases of the smallest and lara_,est Mach
!-Amt• ers M01 in the vicinity of the hub, the relative loss maximum
is shifted towards the middle of the blade. Moreover, it is
found that the loss reduction due to the blowing of air turns out
to be smaller with the presence of greater boundary layer thick-
nesses, as is shown by a comparison of cascade loss coefficient
(;'^stributions for Mcl = 0.454 and Mcl = 0.659 or for Mcl = 0.280
anct Flcl = 0.851. This example clearly shows the rroblem of de-
signing guide blades with air blown onto them, namely that it is
possible to optimize the geometry of the blow holes with respect
to cascade losses only for a limited range of turbine exit Mach
numbers. This difficulty turns up in the same way also in de-
signing guide blades with boundary fences or grooves.
6. Summary	 /164-11
The results o; the studies show that by means of -uitably
blowing air onto the profile suction sides of turbine guide
11
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ti,
blades it is possible to affect the seconuary flows and reduce
cascade losses.
In conclusion, figure 15 compares the cascade loss distribu-
tions for an unmodified guide blade, for a guide blade with air
blown onto it and for a guide blade with boundary layer grooves,
all under the same flow conditions. The blocking effect both of
the blown air and the grooves can be seen with respect to the
spreading out of secondary flow:, whereby the blown air methou
seems more advantageous with respect to the development of losses
in the marginal zones. Using the blown air technique does not
lead to a reduction in t.:rbine guide wheel losses, but as a result
of improving the outflow in the central region of the blades it
leads to a reduction in guide wheel losses and thus contributes to
an effective increase in stage efficiency, in particular of axial
turbine stages.
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Figure 1 - Sectional drawing, of a cold air carbine
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B. Unmodified guide blade
C. Guide blade C with air blown onto it, small p a 2%, Mcl = 0.45
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Figure 11 - Effect of the location of the blow holes on the baffle loss
coefficient
Key:
A. Blade height
B.. Blade
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Figure 12 — Effect of the distance of the blow holes from the wall or,
the baffle loss coefficient
Key:
^:. Blade hei&:t
B. Blade
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Figure 13 - Boundary layer formation in the oncoming flow as a
function of the Reynolds number
A. Displacement thiclmess
B. Boundary layer thiclmess
C. Casing wall
D. Hub
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Figure 15 - Comparison of turbine wide blades with air blown, onto them
and with boundary layer VXooves
Key:
A. Blade hAght
Be Urmdified blade
C. Blade H with air blown onto it, p m 3.1%
D. Blade with bOU :ary layer groves
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